INTRODUCTION
In higher plants, the vascular tissue represents a continuous system, connecting roots with leaves and ensuring efficient transport between different organs. Vascular tissue differentiates during embryogenesis from meristematic cells through two main steps : (1) differentiation of procambium cells, committed to become xylem and phloem, within the shoot and root apical meristems, and (2) cytodifferentiation of these procambial cells into xylem and phloem (Shininger, 1979) .
Vascular differentiation, however, is dependent on correct establishment of embryonic axis polarity, which in turn is under the influence of auxin polar transport (Liu et al., 1993) . The polarity of auxin transport is usually associated with apical dominance and adventitious root formation. The recent isolation in Arabidopsis of the gene MONOPTEROS (Hardtke and Berleth, 1998) , represents a link between embryo morphogenesis, vascular tissue differentiation and auxin transport. Correct embryonic and post-embryonic development is therefore strictly dependent on the generation of a polarity of organ primordia and on the patterning of the internal provascular system.
Mutants affecting the morphogenetic programme controlling seed and seedling development represent a useful § For correspondence. Fax j39-02-2664551, e-mail silvana.dolfini!unimi.it tool for analysing processes leading to the architecture of the adult plant.
In maize, a class of mutants, designated des (defective seedling), with disrupted seedling morphogenesis, represent good candidates for the isolation of genes involved in the formation of the plant body pattern during embryogenesis, but without effects on embryo viability. A series of des mutants, identified on the basis of abnormal vegetative growth, has been previously described (Gavazzi et al., 1993 ; Dolfini et al., 1999) . In this paper, we report the characterization of one of these mutants, initially identified on the basis of an abnormally large scutellar node detectable during germination. The data we present, based on morphological and histological analyses and on in situ hybridization, point to major defects in cell elongation and organization of vascular elements.
MATERIALS AND METHODS

Mutant isolation
This mutant was isolated from the selfed progeny of an active Mutator maize stock outcrossed to an unrelated stock. The designation of the mutant, previously referred to as des*-23 (Gavazzi et al., 1993) , is, on the basis of its phenotype, lsn1 (large scutellar node). Mutant segregation was confirmed through two cycles of selfing, and segregation ratios were established in F # progenies obtained by outcrossing heterozygous mutant plants to the inbred line W64A. 
Light and electron microscopy
Because of lethality in the seedling and also the lack of the male inflorescence, mutants were maintained as heterozygotes. Mature dry seeds were allowed to germinate through imbibition in water at 25 mC in the dark and transferred to light after 3 d. Different tissues were fixed 4-5 d after germination, as soon as mutant and wild-type seedlings could be recognized. For light microscopy, samples of wild-type and mutant roots, leaves and scutellar nodes were fixed and embedded as described by Procissi et al. (1997) . Sections (8 µm) were stained with safranin-fast green and examined using an Axioskop light microscope (Carl Zeiss). Further samples of roots, leaves and scutellar nodes were fixed overnight at 4 mC in 3 % glutaraldehyde in 0n1  cacodylate buffer (pH 6n9) and post-fixed for 2 h in 1 % osmium tetroxide in the same buffer and at the same temperature. Specimens were dehydrated in a graded series of ethyl alcohol and propylene oxide solutions and embedded in Araldite. Staining with uranyl acetate was carried out while dehydrating with 75 % alcohol. Sections were cut with an ultramicrotome (Ultracut, Reichert-Jung).
For light microscopy, thin sections (1 µm) were stained with toluidine blue and examined with a light microscope (Ortholux, Leitz). For electron microscopy, ultrathin sections (0n06 µm) were stained with lead citrate and observed with a transmission electron microscope (TEM 300, Hitachi) operating at 75 kV.
In situ hybridization
In situ hybridization experiments were carried out as described by Langdale, Rothermel and Nelson (1988) . Sense and antisense $&S-UTP labelled RNA probes were synthesized from pBluescript KS(-) plasmids (Stratagene, San Diego, CA, USA). Transcription reactions were carried out using linearized cDNA and genomic subclones, [$&S]-UTP (1300 Ci\mmol, Amersham) and T3 or T7 polymerases (IBI) in a volume of 5 µl in order to obtain high specific activity. The probe used was Knotted-1. Three subclones of the 1n6 kb cDNA clone (518 bp, 647 bp containing the homeobox region, 559 bp) (Jackson et al., 1994) were transcribed separately and used as a mixture. The probes were hydrolysed to a modal size of approx. 250 bp and then hybridized to the sections for 16 h at 50 mC. Following hybridization, the sections were incubated with RNase A, washed and coated with nuclear track emulsion (Kodak NTB2). Slides were exposed for 5 to 15 d, developed and then stained with 0n025 % Azur B, pH 4n0 for 30 s.
RESULTS
Genetic analysis
The mutant, previously referred to as des*-23, is now designated lsn1 (large scutellar node) on the basis of its most prominent feature in seedling morphology. Its genetic basis has been ascertained by outcrossing a plant segregating for the mutant (j\lsn1 ) to an inbred A188 female parent. On the basis of the analysis of individual F # progenies, 16 out of 32 F " plants were classified as j\lsn, the other 16 as j\j, thus establishing the monogenic basis of the trait.
The F # segregation (75 mutants out of 401 seedlings) shows a significant shortage of mutants that cannot be explained by a temperature-sensitive response of the mutant since germination of seeds from a single F # family at controlled temperatures (20, 25 and 30 mC) yielded the same segregation values in all three cases. More likely, this shortage is due to an effect of the genetic background on mutant expression or gametophytic selection against the mutant.
This mutant was originally detected in the F # of crosses between a genetic stock and a line carrying an active Mutator (Robertson, 1978 ; 1980) .
Effect of lsn1 on seedling and plant morphology
A prominent feature of the lsn1 mutant, recognizable as early as 2 to 3 d after seed imbibition on wet filter paper, is an abnormally enlarged scutellar node, sometimes divided longitudinally by a deep furrow into two halves (Fig. 1 A) . Occasionally, a prominent enlargement can also be found in the coleoptilar node (Fig. 1 B) . The primary root morphology and elongation is frequently impaired to various extents. In the most extreme cases the root appears blocked at a very early stage of development or enlarged to a variable extent, sometimes with a longitudinal groove as if made up of two or more parts fused together (Fig. 1 C) .
When these roots elongate, they divide toward the root apex giving rise to separate root tips. The coleoptile is also frequently split longitudinally. In particular, mutant primary roots are shorter and larger than wild-type, twisted and apparently affected in their geotropism. In addition, they lack lateral roots (Fig. 1 D) .
As the seedling grows, reduced internode elongation is evident. Phyllotaxy is correct, but because of the extremely short distance between the nodes, leaves seem to be attached to the same node (Fig. 1 E) . Defects are also evident in the shape of the leaves, which exhibit a narrow wavy blade with curved and rolled margins and occasionally lack the midrib. Mutant plants persist for a long time in the vegetative state without differentiating reproductive organs. Exceptionally, a pistillate inflorescence in place of the tassel is formed at the stem apex.
The lsn1 mutant exhibits defects in cell elongation and ascular element organization
The various features observed in mutant seedling tissues suggested the need for a histological analysis to establish the correlation between the morphological traits and the alterations in the subtending tissue organization. This analysis was performed on primary root, shoot, scutellar node and juvenile leaves of the mutant and normal sibling tissues.
Transverse serial sections of proximal and distal portions of the mutant primary root show, in its proximal portion, two or more vascular cylinders embedded in a common ground tissue, a finding in accord with morphological observations (Fig. 2 A) . Distal sections show the separation of the different vascular cylinders into distinct roots (Fig.  2 B) . In addition, the pattern of primary vascular tissue differentiation appears abnormal. Endoderm and pericycle are not recognizable, the vascular piths are not clearly delimited and the differentiation of the xylem files appears abnormal (Fig. 2 C) . The apical meristem, on the other hand, as observed in a longitudinal section of a root tip, appears normal (Fig. 2 D) .
In longitudinal sections of the mutant primary root, parenchyma cells present in the differentiated region look isodiametric, showing an abnormal pattern of cell elongation (Fig. 3 B) , while the corresponding cells of the wild-type are longer (Fig. 3 A) . The same applies to the stele cells which are less elongated than in the wild-type.
At the level of the shoot, the mutant, in contrast to the wild-type (Fig. 4 A) , shows some abnormalities : the margins of embryonic leaves are wavy, the coleoptile appears connected to other leaves, the two vascular bundles within the coleoptile are not clearly visible and the distribution of veins within leaves seems irregular (Fig. 4 D) .
Tranverse sections of the wild-type scutellar node show regular differentiation of cortex and central cylinder with normal vascular elements (Fig. 4 B and C) . A quite different picture emerges from observations of the corresponding mutant tissue. The main vascular bundle is close to an additional smaller one (Fig. 4 E) . A lack of cell differentiation and organization is evident in some mutant scutellar nodes, with groups of small meristematic cells intermingled with large cells and with cells heavily loaded with starch (Fig.  4 F) . Isolated xylem vessels are occasionally visible, in contrast to their regular distribution in wild-type tissues. Therefore, the scutellar node of the mutant appears defective in vascular tissue differentiation, as well as in the orderly organization of its internal tissues.
Compared to wild-type ( Fig. 5 A and C) , the mutant juvenile leaf blade (Fig. 5 E) , exhibits a wavy or curved shape and a series of abnormalities in vasculature. The midrib is not evident and the lateral veins are closer than normal, probably due to the absence or incorrect differentiation of some intermediate and small longitudinal veins. Vascular bundles are therefore irregularly distributed and poorly organized, showing incorrect reciprocal positioning of phloem and xylem elements (Fig. 5 G) . The wavy appearance of the mutant leaf, with alternating thicker and thinner regions, reflects variable cell layers in the mesophyll. However, chloroplast development of the mutant leaves is normal in mesophyll (Fig. 5 D) and in bundle sheath cells (Fig. 5H) .
Localization of Knotted-1 transcripts
Given the defects in leaf morphology and the abnormal differentiation of the vascular tissue in the lsn1 mutant, we performed an in situ analysis of the spatial localization of Knotted-1 (Kn-1) transcripts in leaves. In wild-types, a strong Kn-1 signal on both sides of the lateral veins (Fig. 5 B) , presumably in association with sclerenchyma cells, is evident, whereas in mutant leaves the signal observed in the same location appears weaker and is not always symmetrically distributed. In addition, displaced signals are seen close to intermediate veins (Fig. 5 F) .
DISCUSSION
The characterization of mutants affecting the morphogenetic programme of seedling development could represent a tool to identify genes active during embryogenesis.
With this intent, we analysed the lsn1 mutant, initially recognized on the basis of a severe distortion in vegetative growth. Histology of this mutant disclosed abnormal root development and leaf morphology, associated with defective vascular patterns presumably occurring early in embryogenesis, when shoot and root meristems are established and vascular tissue differentiates.
Shoot and root primordia derive from a group of initial stem cells, called shoot apical meristem (SAM) and root meristem, respectively. The correct formation of shoot and root primordia is ensured by a highly controlled pattern of cell divisions, in terms of numbers, sites and planes (Meyerowitz, 1997) . In particular, differentiation of the root from initial cells in the root apical meristem is a highly regulated process, leading to a series of regular cell files through strict control of the planes of cell division (Scheres et al., 1996) . Production of a single root primordium in normal roots suggests the existence of a negative control over the outgrowth of more than one root primordium. Taking this view, the mutant phenotype can be interpreted as demonstrating a release from the inhibitory effect exerted by LSN.
The presence of multiple roots apparently fused together can be interpreted as a suppression of the negative control responsible for the differentiation of only one root primordium. It is not clear how the presence of multiple defective vascular bundles may be related to the presence of roots fused together. Both anomalies could be a secondary effect of an unknown primary lesion.
A possible involvement of auxins in the generation of the mutant phenotype could be hypothesized. The association in the lsn1 primary root of defects in cell elongation, absence of lateral roots and alteration in gravitropism, suggests that the mutation could affect the auxin polar transport. In Arabidopsis, mutations in two genes involved in auxin transport so far identified, PIN1 (Okada et al., 1991) , active during embryogenesis, and LOP1 (Carland and McHale, 1996) , active during post-embryonic phases of development, lead to defects similar to those observed in lsn1 seedlings. The apparent ' fusion ' of the coleoptile with embryo leaves observed in lsn seedlings is reminiscent of the fused cotyledons, present in the pin1 mutant of Arabidopsis (Okada et al., 1991) or induced by treatment with inhibitors of auxin polar transport in cultured embryos of Brassica juncea (Liu et al., 1993) .
In addition, the isolation in Arabidopsis of the MONOPTEROS (MP) gene suggests a link between vascular differentiation and embryonic organ development (Hardtke and Berleth, 1998) . In fact, MP encodes a transcription factor that regulates gene expression in response to auxin signals, and mp mutants are defective in vascular tissue organization.
Further support for a relationship between meristems and vascular tissue differentiation comes from the results of in situ hybridization of juvenile leaves of lsn1 with Kn-1. This mRNA is considered a regulator of cell determination and is essentially involved in maintainance of meristematic function (Jackson et al., 1994) . The Kn-1 expression is extended to developing vascular bundles of the stem and correlates with their position and the timing of development (Smith et al., 1992) . In wild-type seedlings, Kn-1 transcripts are present in developing vascular bundles, but disappear as the lateral veins differentiate, being restricted to a ring of cells surrounding the veins. Cells of this ring eventually differentiate into sclerenchyma. The in situ experiments show that the localization of Kn-1 transcripts is different in wild-type and mutant leaves. In wild-type seedlings, in fact, Kn-1 transcripts are observed in cells associated with developing lateral veins, which differentiate into sclerenchyma cells, supporting the idea that this gene can be considered a marker of leaf vascular bundle development. The presence of an unusually located Kn-1 signal in mutant leaves, on the other hand, lends further support to the hypothesis that a defect in vascular tissue differentiation is associated with the lsn phenotype.
The formation of cells heavily loaded with starch in the scutellar node of the mutant may result from poor transport between tissues due to vascular defects.
Molecular characterization of the LSN1 gene will, it is hoped, lead to elucidation of its role in meristem differentiation and in the organization of vascular elements during maize embryogenesis and of its involvement in auxin polar transport.
